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NATIONAL ADVISORY COMMITTEF: FOR AERONAUTICS 

TECHNICAL NOTE 3095 

THE AM?IS 10- BY 1 4 - I N C H  SUPERSONIC W I N D  TUNNEL 

By A. J. Eggers, Jr. and George J. Nothwang 

SUMMARY 

The Ames 10- by l b i n c h  supersonic wind tunnel  i s  described and 
per t inent  fea tures  of the design and operation of the  f a c i l i t y  are 
included. The wind tunnel i s  capable of continuous operation a t  Mach 
mmbers from 2.7 t o  6.3 and Reynolds numbers from 1 mil l ion  t o  11 mil l ion  
per foot .  Results of surveys of the t e s t  sect ion show t h a t  t he  Mach 
number va r i a t ion  along the  tunnel center l i n e  i s  l e s s  than fl percent a t  
a l l  Mach numbers, except a t  the  nominal Mach number s e t t i n g  of 6.3 where 
the va r i a t ion  reaches +2 percent.  The corresponding va r i a t ions  i n  s t a t i c  
pressure r e s u l t  i n  a buoyancy rnrrect icm tc the  zerz- l i f t  foredrzg cf G 

t yp ica l  tes t  body of revolut ion of 3 percent o r  less a t  a l l  t e s t  Mach 
numbers. The va r i a t ion  i n  stream angle along the  tunnel  center  l i n e  i s  
l e s s  than +0.2O a t  a l l  Mach numbers. 
pressure and stream angle a r e  encountered off  the  tunnel  center  l i n e .  

Larger va r i a t ions  i n  stream s t a t i c  

INTRODUCTION 

The Ames 10- by 14-inch supersonic wind tunnel  w a s  designed t o  pro- 
vide aerodynamic data  on a i r c r a f t  a t  speeds varying from supersonic t o  
hypersoxic. To a i d  i n  t h i s  design, experiments w e r e  undertaken i n  1946 
with a 1- by 1.4-inch nozzle which became the  p i l o t  nozzle f o r  the wind 
tunnel. 
densation i n  supersonic wind tunnels and i s  described i n  d e t a i l  i n  
reference 1. 
shapes of the  now well-known converging-diverging t n e ,  and the  r e s u l t s  
of these tes ts  d ic ta ted  the  shape of t he  d i f fuse r  employed i n  the  10- by 
14-inch tunnel. Because of the s m a l l  s i z e  of the  equipment, it w a s  not 
undertaken t o  determine an optimum effuser shape f o r  t h i s  wind tunnel.  
Rather, it w a s  assumed t h a t  an effuser which produces flow of the  neces- 
sa ry  uniformity i n  the t e s t  sect ion could be obtained by analysis ,  i n  
pa r t i cu la r ,  with the method o f  charac te r i s t ics .  

This nozzle w a s  employed more recent ly  t o  study aspects  of con- 

The p i l o t  nozzle was t es ted  with a v a r i e t y  of d i f fuse r  

With the  r e s u l t s  of t h i s  analysis  and the  experimental da t a  obtained 
from the  p i l o t  nozzle, the 10- by 14-inch supersonic wind tunnel  w a s  
designed t o  cover the  Mach number range from about 3 t o  6. Construction 
of the  tunnel w a s  completed i n  December 1949. 
tunnel revealed that. ~ n n d e n s s t i c n  cf z i r  nccurrec? ir, t h e  test s e c t i ~ r ,  3% 
Macn numbers grea te r  than about 4.4, and t h a t  the  extent  of t h i s  conden- 
sa t ion  w a s  sufyicient  a t  t e s t  Mach numbers i n  excess of 5 t o  make it 

I n i t i a l  ca l ib ra t ion  of the 
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impractical t o  obtain data  under such conditions. For t h i s  reason, the .I 

experiments reported i n  reference 1 w e r e  undertaken, and the  r e s u l t s  of 
these experiments d ic ta ted  the addi t ion of a heater  t o  the  supply a i r  
system of t he  tunnel.  With t h i s  addi t ion,  condensation-free flow can b e  
obtained in  the t e s t  section a t  Mach numbers up t o  6.3. 

The purpose of the present repor t  i s  t o  describe the  10- by 14-inch 
supersonic wind tunnel and i t s  operational cha rac t e r i s t i c s  over the nomi- 
n a l  Mach number range from 2.7 t o  6.3. Rather complete ca l ib ra t ion  data  
on charac te r i s t ics  of flow i n  the t e s t  sect ion are presented and b r i e f l y  
discus sed. 

DESCRIPTION OF W I N D  TUNNEL 

Nozzle and Drive Equipment 

The Ames 10- by 14-inch supersonic wind tunnel i s  of the  continuous- 
flow, closed-throat nonreturn type ( see  f i g .  1). A i r  i s  supplied t o  the  
wind tunnel by cent r i fuga l  compressors a t  a maximum pressure of 6 atmos- 
pheres absolute. The absolute humidity of the  a i r  del ivered t o  the . 

tunnel i s  maintained a t  a value below 0.0001 pound of water per pound of 
a i r  by passing the air from the  compressors f i r s t  through an a f te rcooler  
and then through a s i l i c a  ge l  dryer.  A t  t e s t  Mach numbers greater  than 
4.4, the  a i r  enter ing the wind tunnel i s  preheated by an e l e c t r i c a l  
heater  t o  el iminate condensation i n  the  t e s t  sect ion.  A maximum stagna- 
t i o n  temperature of about 400' F i s  obtainable a t  the  nominal tes t  Mach 
number of 6.3. Depending upon the Mach number, from 15 t o  30 percent of 
the a i r  passing in to  the  d i f fuser  of the  wind tunnel i s  drawn off through 
the  boundary-layer scoops located a t  the  second th roa t  ( see f i g .  1) , 
while the remaining 70 t o  85 percent of the  a i r  passes through the main 
d i f fuser .  The air passing through the  boundary-layer scoops i s  com- 
pressed by ro ta ry  vacuum pumps before being discharged t o  the  atmosphere. 
These vacuum pumps develop a maximum compression r a t i o  of 3O:l. A t  Mach 
numbers of 4.2 and below, air passing through the main d i f fuse r  i s  
exhausted d i r e c t l y  t o  the  atmosphere. A t  Mach numbers i n  excess of 4.2, 
a i r  i n  the main d i f fuser  i s  diver ted through e i t h e r  one or two stages of 
centr i fugal  evacuators, developing a maximum compression r a t i o  of 3:l 
per  stage, before being discharged t o  the  atmosphere. These evacuators 
are ,  i n  f a c t ,  turbosuperchargers, and the  turbine wheels are driven by 
excess a i r  from the  supply air compressors of the  wind tunnel.  

J 

A view of the wind tunnel proper with one s ide  w a l l  removed i s  shown 
i n  figure 2. 
ne1 and is constant from the  entrance of the e f fuser  t o  the  ex i t  of t he  
diffuser .  
tes t  section. A s  i s  seen i n  f igure  2, the  tunnel proper i s  composed of 
an effuser,  a t e s t  section, and converging-diverging d i f fuser ,  a l l  of 
which w i l l  hereaf ter  be re fer red  t o  as the  nozzle. The nozzle blocks are 

The lo-inch dimension corresponds t o  the  width of the  tun- 

The l b i n c h  dimension corresponds t o  the  nominal depth of t he  
4 

4 
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symmetrical, r ig id ,  buil t-up s t e e l  s t ructures ,  and each i s  connected with 
w r i s t  pins t o  jackscrews a t  the  f i r s t  and second th roa t .  These screws 
are, i n  turn,  supported by the  nozzle s ide  w a l l s .  By properly moving the  
jacks, i t  i s  c l ea r  t h a t  both the first throa t  and second throa t  may be 
opened or closed. 
chain dr ive t o  one common motor and the  jacks a t  t h e  second th roa t  a r e  
connected t o  another common motor. 
sage always remains symmetrical when the  nozzle blocks are moved. It i s  
evident, of course, from the geometry of t h e  nozzle, t h a t  c losing the  
f i r s t  th roa t  w i l l  increase t h e  r a t i o  of t e s t - sec t ion  a rea  t o  f i r s t - t h r o a t  
area and, hence, increase the  Mach number of t h e  flow i n  the  t e s t  section; 
while c losing the  second throa t  decreases the  r a t i o  of second-throat a rea  
t o  tes t - sec t ion  area and thereby decreases the  Mach number of flow i n  t h i s  
th roa t .  Hence, once supersonic flow i s  establ ished i n  the region between 
the  f i r s t  and second throats ,  t he  tes t - sec t ion  Mach number may be varied 
by simply changing the  f i r s t - th roa t  area, while r e l a t i v e l y  high d i f fuse r  
e f f ic iency  may be maintained by properly ad jus t ing  the  second-throat area. 
It i s  implici t ,  of course, t o  the  successful operation of t h i s  tunnel t h a t  
e s s e n t i a l l y  uniform flow be obtained i n  t h e  tes t  sec t ion  over a wide range 
of high supersonic speeds using only  n ~ e  set sf cczzle blszka.  E a t  t h t s  
might be achieved w a s  ver i f ied ,  as pointed out i n  the  Introduction, by a 
cha rac t e r i s t i c s  analysis  of t he  nozzle. The ordinates  of the  nozzle 
blocks a r e  presented i n  t ab le  I. 

The jacks a t  the  f i rs t  th roa t  a r e  connected through a 

With t h i s  arrangement, the  nozzle pas- 

The boundary-layer scoops a r e  a lso apparent i n  f igure  2, t he  
entrances thereto being located a t  the second th roa t  of the  nozzle. Each 
scoop passage i s  bounded by t h e  s ide w a l l s ,  one nozzle block and a p l a t e  
separat ing the  passage from t h e  main d i f fuser .  This p la t e  has i t s  lead- 
ing edge a t  the  second th roa t  and i s  attached t o  t h e  nozzle block by (a)  
a hinge located about 4 f e e t  downstream of t h i s  throat ,  and (b)  a remotely 
control led motor-actuated s t r u t  (see f i g .  2 )  located midway between the  
hinge and the  throa t .  Moving the s t r u t  then r o t a t e s  t h e  separating p l a t e  
about i t s  hinge and thus changes the entrance a rea  t o  t h e  scoop. In  t h i s  
manner the  scoop may be adjusted t o  remove a l l  the  low-energy boundary- 
layer  air  on the  blocks and thus s t ab i l i ze  flow i n  the  diverging port ion 
of t he  main d i f fuse r  over t he  test  Mach number range. 

Seals  run the  f u l l  length of the nozzle on each s ide  of t he  nozzle 
blocks. These seals are of the  inf la tab le  rubber type, rectangular i n  
cross  section, and a r e  made of hea t - res i s tan t  rubber. They are pressur- 
ized t o  100 pounds per square inch gage and contact t he  s ide w a l l s  t o  
within about 1/8 inch of the  ins ide  surfaces of the nozzle blocks. 
function of these seals i s  t o  prevent appreciable leakage i n t o  the  nozzle 
a i r  stream e i t h e r  f ron  +,he atmsphere or aSJacent regions within the  
nozzle. 

The 

Neither the s t e e l  s ide w a l l s  of t$e nozzle nor the  s t e e l  s ide  p l a t e s  
of t'ne nozzle blocks a re  pe r fec t ly  plane and pa ra l l e l .  
order t o  prevent seizing between these pzr ts ,  it w8c cecesszr- Y t o  separate 

Consequently, i n  
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them with bronze bearing pads. These pads are attached to the nozzle 
blocks as indicated in figure 2. 

Auxiliary Equipment 

Auxiliary equipment for the wind tunnel includes a center-of- 
curvature-type schlieren apparatus for observing flow about models, 
McLeod type manometers for measuring pressures on the surfaces of models, 
and a strain-gage balance with electronic follow-up system for measuring 
an6 recording forces arid moments acting on models. A l s o  available is an 
X-ray densitometer for determining local air densities in the flow about 
models. 

A view of the schlieren apparatus is shown in figure 1. The light 
cource, which is a water-cooled mercury-vapor lamp, is located et the 
center of curvature of the principal mirror in the system. This mirror 
is located imediately adjacent to one window of the side wall of the 
test section and is spherical with a 25-foot focal length. The knife, 
which may be placed in either the vertical or horizontal attitude, is 
located just to one side of the light source. The 3O-foot distance from 
the knife and light source to the principal mirror is obtained by folding 
the light beam twice with the aid of optical flats. The image of the 
test section can be focused either on a ground glass screen or in a cam- 
era situated adjacent to this screen. The schlieren system is enclosed 
in a shroud which serves two functions: 
all elements of the schlieren system, and (b) it prevents transient dis- 
turbances in the ambient air outside the wind tunnel from distorting the 
schlieren picture. The shroud is supported from above by four coil 
springs designed to isolate from the schlieren system high-frequency dis- 
turbances originating in the main building. 

(a) It forms the support for 

The McLeod manometers are mounted in a battery of 40 tubes, all of J 

which are connected to a common sump. 
working fluid and are designed to give pressure neasurements accurate 
within 1 percent over the range of pressures from 1 mm to 78 mm of mer- 
cury absolute. In zeneral, only the closed leg of each manometer is 
exposed at the frcnt of the board. The two reference tubes at the 
extreme ends of the board are the exceptions and are maintained at vacuum 
pressure. When equilibrium pressures have been established in all tubes 
and the sump raised, the front of the board may be photographed, yielding 
a picture not unlike that obtained from conventional U-tube manometer 
boards. 

These manometers use mercury as a 

4 
The strain-gage balance is of the conventional, external-to-model 

type, being designed to measure forces and moments on models sting sup- 
ported from it. Lift gages are mounted from the balance beam while the 
rear of the beam bears on the drag gage. Both lift and pitching moment 
may be obtained from the lift gages by employing the proper electrical 

4 
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connection. However, it has been found that greater sensitivity in 
moment measurements is obtained if moment gages are mounted directly on 
the sting. The electronic follow-up equipment consists simply of a 
photo-cell-type galvanometer and printer for each force or moment cir- 
cuit. At the present time only lift, drag, and pitching moment have 
been measured simultaneously, although the follow-up system has elements 
for one additional force or moment component. 

The X-ray densitometer has already been described in detail in 
reference 2, including its application to the 10- by 14-inch wind tunnel, 
and will not be discussed further here. 

OPERATION OF THE WIND TUNNEL 

Operation of the wind tunnel is, in practice, carried out from a 
control panel located adjacent to the nozzle (see fig.1). 
nozzle-block and boundary-layer-scoop settings are controlled remotely 
from this panel. Likewise, all valves in t.he n_ir l i n e s  t o  and from tile 
tunnel may be remotely adjusted from here - the same applies to control 
of the supply air heater. The procedure for operating the wind tunnel is, 
then, essentially as follows: The nozzle blocks are set in the position 
to develop supersonic flow at a test Mach number of approximately 3.5. 
The appropriate valves in the supply air and exhaust lines of the wind 
tunnel are then opened and supersonic flow is established. 
ticular test Mach number is set, model tests may be conducted, including, 
for example, the determination of the dependence of forces and moments 
on Reynolds number and angle of attack. As soon as these measurements 
are made, the tunnel Mach number is then changed to the next required 
value and the desired aerodynamic measurements are again made. This pro- 
cedure may be repeated at as many as six Mach numbers over the range from 
2.7 to 6.3 without ever shutting the wind tunnel down to change nozzle or 
model setting. Under normal circumstances, lift, drag, and pitching 
moment for a particular model may be determined for a range of angles of 
attack of loo over this Mach number range in a period of approximately 
three hours. Pressure-distribution measurements over a comparable range 
of angles of attack and Mach numbers require a somewhat greater period, 
due to the time required for the McLeod manometers to reach equilibrium 
pressure. 

In particular, 

After a par- 

SURVEY APPARATUS AND TECHNIQVES 

Four rakes were used in the calibration of the 10- by 14-inch super- 
sonic wind tunnel. The coordinate system used in designating points in 
the test section is illustrated in figure 3 and the notation is defined 
in the Appendix. A Pitot-static rake, shown in figure 4, was used in 
preliminary tests to determine Mach m n k e r  m a  Reyixlds n-mber ranges of 
the wind tunnel. This rake was a lso  used to ascertain if the flow along 
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the tunnel center line of the test section was free from condensed air 
at Mach numbers above 4.4 (see ref. 1). 
rake are shown in figure 4. 
stainless steel tube with the upstream end machined flat and perpendicu- 
lar to the axis of the tube. The tube had an outside-to-inside diameter 
ratio of 1.5. 
effect of diameter ratio on pitot pressures for tubes having outside-to- 
inside diameter ratios from 1.5 to 10. The static-pressure probe had a 
10' apex-angle cone followed by a cylinder. 
equally spaced around the circumference and located 16 diameters from the 
cone a.pex. 
reference 3. 
discernible effect of orifice location on the measured static pressure 
for probes having orifices located 16, 20, and 24 diameters from the cone 
apex. 
to within f2 percent of true static pressure. 

- 
The pertinent dimensions of this 

The pitot-pressure needle was simply a .. 
Tests in the 10- by 14-inch tunnel showed no measurable 

There were four orifices 

This probe gave the most accurate results of those tested in 
Additional tests in the 10- by lbinch tunnel revealed no 

Static pressures measured with this needle are believed accurate 

The detailed pressure survey of the test region was made with the 
pitot-pressure rake shown in figure 5. 
pressure probes similar to that in the Pitot-static rake. A static- 
pressure rake was also constructed (see fig. 6). 
seven static-pressure needles like that in the Pitot-static rake. The 
static-pressure rake afforded a check on the static pressures determined 
from the pitot-pressure survey and thus provided a check on the existence 
of condensed air within a 3-1/2-inch radius of the tunnel center 1ine.l 

This rake contained 15 pitot- 

This rake contained 

Stream angles were measured with the rake shown in figure 7. 
rake contained three cones with 20' apex angles. 
inch-diameter orifices, 180° apart, located 1 inch from the apex. 
cones could be rotated to measure stream angles in two planes 90' apart. 
The cones were calibrated at each test Mach number by inclining the rake 
at several angles of attack. It was found that the pressure differential 

of attack in the 
calibrated range of f2 . Local stream angles were determined from meas- 
ured pressure differentials with the aid of the calibration curves and 
mechanically measured cone inclinations. The measurements are estimated 
to be accurate within f0.15'. 

The 

The 
Each cone had two 0.031- 

between each pair of orifices 0 varied linearly with angle 
d 

Reservoir pressures and pressures in the exhaust lines of the main 
diffuser and boundary-layer scoops were measured with Bourdon type 

'A detailed static-pressure survey was not made because: 
(a) Pitot pressure is more sensitive to Mach number in the range of 

the 10- by 14-inch wind tunnel (i .e., d " / d M  >dp/dM). 
(b) Equilibrium time of the pitot-pressure rake was approximately half 

that of the static-pressure rake (primarily because of the low 
static pressure). 

(c) The pitot tubes could be placed closer together than the static 
tubes without encountering aerodynamic interference. 

4 

4 
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pressure gages. Reservoir temperatures were measured with an iron- 
constantan thermocouple and an automatic temperature recorder. 

RESULTS AND DISCUSSION 

The calibration of the Ames 10- by 14-inch supersonic wind tunnel 
consisted of first determining the Mach number and Reynolds number ranges 
and then making detailed pressure and stream-angle surveys. Except for 
the determination of the Reynolds number range, tests at each Mach number 
were conducted at the maximum available Reynolds number. For Mach num- 
bers below 4.4, the nominal reservoir temperature was 600 F. In order to 
avoid air condensation in the test section at Mach numbers above 4.4, the 
reservoir tmperature was maintained above that corresponding to satu- 
ration conditions at the test Mach number (see ref. 1). Steady-state 
conditions of reservoir pressure and temperature were always established 
before recording test data. 

Mach Number and Reynolds Number Ranges 

The Mach number and Reynolds number ranges were determined with the 
pitot-static-pressure rake (fig. 4) mounted on the tunnel center line of 
the wind tunnel. Mach numbers were computed from both the ratio of 
static to reservoir pressure and the ratio of pitot to reservoir pres- 
sure.2 The lowest test Mach number is obtained with the first throat 
open to its mechanical limit; the highest test Mach number is obtained 
when the maximum available compression ratio is just sufficient to main- 
tain supersonic flow. 
tunnel is 2.7 to 6.3. 
3.0, 3.5, 4.2, 5.0, and 6.3. The corresponding operating compression 
ratios for the main diffuser and boundary-layer scoops are given in 
figure 8. At each Mach number the Reynolds number is varied by varying 
the reservoir pre~sure.~ The ranges of Reynolds number and Mach number 
are shown in figure 9. The highest Reynolds number of 11.4 million per 
foot occurs at M = 3.5 and the lowest of 1.1 million per foot occurs 
at M = 5.0. 

The Mach number range of the 10- by 14-inch wind 
Nominal test Mach numbers were selected as 2.7, 

2As pointed out in reference 1, Mach numbers computed by the two methods 
agree for flow free of air condensation. Such was the case here; the 
agreement was within f0.02 Mach number in all cases. 

3Reynolds number variation can also be obtained by varying the reservoir 
tem-r-fures; y"' U" however, the capacity of the present suppiy air heater is 
such that only at 
number be realized. 
temperature at each nominal Mach number. 

M = 4.2 and 3.0 could appreciable changes in Reynolds 
The data presented are for a constant reservoir 
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Static-pressure distributions.- The results of the survey with the 
pitot-pressure rake (fig. 5) converted to stream static-pressure coef- 
ficient are presented in figures 10 through 12. 
the pressure coefficient is located at the intersection of the tunnel 
center line and the center line of the windows (x = 0). 
cussed previously, the static-pressure rake was used only to check the 
pitot-pressure measurements and thereby to ascertain if the flow was free 
cf condensed air. Comparison of the results obtained with the two rakes 
revealed no air condensation, the pressure coefficients (calculated with 
'ihe aid of the Rayleigh formula in the case of pitot pressure) agreeing 
within experimental scatter. 

The reference point for 

A s  was dis- 

Typical results of the pressure survey for one Mach number and in 
one plane normal to the wind-tunnel center line are presented in fig- 
ure 10. These results show that, although the flow is not two-dimensional 
(see fig. 10, 8 = Oo), it is symmetrical about the horizontal and vertical 
planes containing the tunnel center line. 
data are presented for one quadrant only - the upper right quadrant when 
viewed from a downstream position (see fig. 3). 

For this reason, the remaining 

Longitudinal distributions of stream static-pressure coefficient 
are presented in figure 11. Results are shown for the tunnel center line 
and lines 1 and 2 inches off the center line in both the horizontal and 
vertical planes (i.e., r = 0, 0 = 0'; r = 1, e = o ; r = 2, 0 = 0'; 
r = 1, 0 = 90'; r = 2, 0 = 90'). The results shown in figure 11 indicate 
that, in general, the flow in the test section is reasonably uniform over 
a length approximately equal to one test-section width. There are excep- 
tions, however. For example, at the lowest Mach number, M = 2.7, a rela- 
tively strong pressure gradient appears off the center line in the verti- 
cal plane (see curve for r = 2, 0 = 90'). 
evidence, the major cause of this gradient is believed to be flow sepa- 
ration just downstream of the sonic throat. The general decrease in 
static pressure in the region from x = -9 to x = 3 at M = 2.7 and 3.0 
results from "expanding" flow in the test section. 
to eliminate this situation, inasmuch as decreasing the second-throat 
area caused the tunnel to choke. 

0 

Though there is no direct 
.I 

It was not possible 

Radial variations of stream static-pressure coefficient are pre- 
sented in figure 12. Distributions are shown at three longitudinal sta- 
tions and for four rake angular positions. Another exception to the 
general uniformity of the flow can be noted at M = 6.3 (see fig. 12(f)). 

8 = 0' and 30'). 
caused by transverse pressure gradients in the effuser (see ref. 4) is 
believed to be the cause of these pressure gradients. 

The gradients in this case appear primarily in the horizontal plane (see 4 
The rapid build-up of the side-wall boundary layer 

d 



NACA TN 3095 9 

. The static-pressure distributions reveal that, over most of the 
region about one test-section width in length and extending 22 inches 
vertically and f2 inches horizontally from the tunnel center line, the 
flow in the 10- by 14-inch wind tunnel has sufficient uniformity for 
test purposes over the Mach number range of 2.7 to 6.3. 
pressure dietributions just presen%ed were employed to determine the 
buoyancy correction to the zero-lift foredrag of a typical test body, 
namely, a fineness-ratio-10, 1-inch-diameter cone cylinder, having a 
conical nose of fineness ratio 3 and located in the wind tunnel between 
x = -8 and x = 2. This investigation revealed that the maximum correc- 
tion was approximately 3 percent of the measured foredrag (not including 
base drag) at zero lift over the entire test Mach number range.* Models 
tested at angle of attack are pitched in the horizontal ( e  = 0') plane 
with the center of rotation of the angle-of-attack mechanism at x = 0. 
With this arrangement, appreciable pressure gradients are not encountered 
until the model reaches an angle of attack of about 20'. At this angle 
of attack, the aerodynamic forces are generally so large that the buoy- 
ancy corrections are again only a small percentage. 

For example, the 

Mach number distributions.- -. _ _ _  The results of the Dressure siirvey are 
also presented in the form of Mach number distributions along the tunnel 
center line of the wind tunnel in figure 13. Examination of figure 13 
reveals that the variation in Mach number along the center line is less 
than fl percent at the lower Mach numbers, less than k0.3 percent at the 
intermediate Mach numbers, and reaches a maximum of only f2 percent at 
the highest test Mach number. 

S t r eam- Angle Survey 

Results of the stream-angle survey are presented in figure 14.5 
Longitudinal distributions are shown for the tunnel center line and lines 
1 and 2 inches off the center line in both the horizontal and vertical 
planes (i.e., the same lines as the static-pressure coefficient, r = 0, 
8 = 0'; r = 1, 8 = 0'; r = 2, e = 0'; r = 1, 8 = 90'; r = 2,  8 = 90'). 
The variation in stream angle along the tunnel center line (r = 0, 
8 = 0') of the wind tunnel is generally within the measuring accuracy of 
the stream-angle rake, being less than *O.? at all Mach numbers. 
the center line, stream-angle gradients appear in the vertical plane at 
the lower Mach numbers and in the horizontal plane at the higher Mach num- 
bers. 
gradients. With models pitched in the horizontal plane, the stream- 
angle variations at low Mach numbers are too far nff the center line to 

*The reference point for the drag correction was taken as the apex of 

5Following the procedure established in the pressure survey, distribu- 

Off 

These gradients can be related to the previously observed pressure 

the cone. 

tions are shown o n l y  for the upper right quadrant of the test section 
(view& from a iiownstream position j . 
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- 
a f f e c t  the flow about a tes t  body and would be i n  the  spanwise d i r ec t ion  
f o r  wings. 
could have an appreciable e f f ec t ;  again, however, a model would not 
encounter these stream i r r e g u l a r i t i e s  u n t i l  pitched t o  a r e l a t i v e l y  la rge  
angle of attack, and, i n  t h i s  case, t h e  l a rge  aerodynamic forces  would 
minimize the  e f f e c t s  on a percentage basis. 

The var ia t ions i n  the  horizontal  plane a t  high Mach numbers 

CONCLUDING REMARKS 

The Ames 10- by 14-inch supersonic wind tunnel  i s  described i n  some 
d e t a i l .  Per t inent  features  of the  design and operation of t h i s  f a c i l i t y  
a re  included. The wind tunnel has a Mach number range of 2.7 t o  6.3 with 
a Reynolds number range of l m i l l i o n  t o  11 mil l ion per  foot ,  depending on 
Mach number and reservoir  pressure.  
3.0, 3.5, 4.2, 5.0, and 6.3. 

Nominal t es t  Mach numbers a re  2.7, 

Pressure surveys revealed tha t ,  with but  f e w  exceptions, t he  flow 
i n  the  t e s t  sect ion i s  su f f i c i en t ly  uniform f o r  t es t  purposes within a 
region about one tes t - sec t ion  width i n  length and extending +2 inches 
ve r t i ca l ly  and 52 inches horizontal ly  from the  tunnel center l i n e .  By 
way of example, the  buoyancy correct ion t o  the  ze ro - l i f t  foredrag of a 
10-inch long, 1-inch-diameter body of revolution i s  3 percent o r  less a t  
a l l  t es t  Mach numbers. 
l i n e  of the t e s t  sect ion i s  l e s s  than +1 percent a t  low Mach numbers, 
l e s s  than kO.5 percent a t  intermediate Mach numbers, and reaches a maxi- 
mum of +_2 percent a t  t h e  highest  t e s t  Mach number. 

The Mach number va r i a t ion  along the  tunnel  center 

The var ia t ion  i n  stream angle along the  tunnel  center l i n e  i s  l e s s  
than 10.2' at a l l  Mach numbers. Since models a re  pitched i n  the  horizon- 
t a l  plane, stream-angle (and pressure) gradients  observed off  the  center  
l i n e  i n  the v e r t i c a l  plane a t  the  lower t e s t  Mach numbers do not appreci-  
ably a f fec t  the flow about a tes t  body and are i n  the  spanwise d i r ec t ion  
fo r  wings. 
higher t e s t  Mach numbers a r e  generally of l i t t l e  consequence s ince they 
are not encountered by a model u n t i l  it i s  pitched t o  an angle of a t t ack  
of about 20'. 

S i m i l a r  gradients observed i n  the  horizontal  plane a t  the  

I n  addition t o  the  f a c t  t h a t  the  "scissors-type" nozzle used i n  the  
10- by 14-inch wind tunnel i s  a simple mechanism, it has two advantages: 

1. Supersonic flow may be establ ished a t  a r e l a t i v e l y  low Mach nun- 
ber  by simply opening the nozzle blocks. 
ing compression r a t i o s  associated with es tab l i sh ing  supersonic flow a t  
high Mach numbers a re  avoided. 

I n  t h i s  manner, t he  la rge  start- 
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2. After supersonic flow has been established, the tes t - sec t ion  
Mach number i s  readi ly  increased by simply closing the  nozzle blocks. 
A t  the  same time the  second-throat area i s  maintained a t  a value f o r  
e f f i c i e n t  diffusion.  

Ames Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Moffett Field, Calif., Nov. 3, 1953 
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APPENDIX 

SYMBOLS 

H total pressure, lb/sq in. 

" total pressure behind a normal shock, lb/sq in. 

M Mach number 

P static pressure, lb/sq in. 

P stream static-pressure coefficient, 
p - m  

qR 

9 dynamic pressure, lb/sq in. 

x,r,8 cylindrical coordinates of a point in the test section, in. and 
deg, respectively (see fig. 3) 

Y distance n o m 1  to horizontal plane of symmetry of nozzle, in. 

T total temperature, F 0 

E stream angle, positive for upflow or flow toward the right when 
viewed from a downstream position, deg 

Sub scripts 

d quantity.measured in the main diffuser exhaust line 

. 

0 quantity measured in the reservoir 

R quantity evaluated at origin of nozzle coordinate system (see 
fig. 3 )  

S quantity measured in the boundary-layer-scoop exhaust line 
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A-  18496.1 

.Of8 drill 4 ho/es 90" oporf 
od/bcenf hofes sfoggered by .040 r 

OD. fubing 
.092 OD. tubing--, 

Nofe 1 A f/ dimensions ore in inches 
I 

- 
figure 4.- Pifof -sfufic-pressure rake. 
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F@re 5- Pitot-pressure survey d e .  
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Figure 6- Static-pressure survey rake. 
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Mach numbec M 

figure 8- Compression ratios used in normal operation of the 
Ames 10- by 14- inch supersonic w i d  tunnel 
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Figure 9.- Reyno/ds number and Much number ranges of fhe 
Ames 10- by /4- inch supersnk wind tunnel 

5 
Much number 
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Rodiol distonce from tunnel center lineJ rJ inches 

Figure 10.- Rodiol voriotion of sfreom static-pressure coefficient in the Ames 
IO- by f4- inch supersonic wind tunne/; M = 3.5, /io= 82 lb/sq in. abs., 
G=6O0f; x = -3. 
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fforizmi.1 dstance fram whdow center fin5 x, inches 

(a) M = 2.T H,= 42 l&hq th. ah., 6 = 60°F 

Figure I/- Longitudhal variution of stream si0 tic-pressure coefficient in 
the Ames IO- &y 14- inch supersonic wind tunnel: 
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Horizonta/ distance from whdow center fin6 x, hches 
NACA 

(.&) M =3Q H,=55 /b/sq in a&s., 6 = 60.F- 

Figure /L- Continued 

. 
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Horizonto/ distance from whdow center he, x, hches 

(d) M = 4.2, H,= 88 /6/sq in. abs., 6 = 60°f 

Figure / l -  Conthued 
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Hor/ionta/ dstonce f r m  whdw center he,  x, inches 

(e) M = 5Q Ho= 89 /bAq h oh., = /95" f 
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Horkonful distance from whdow center hn6 x, iirches 

( f )  M = 6.3, H,= 90 lbkq in. abs, = 380" F 

Figure IL- Concluded 
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Horizonfa/ distance from window center h h ~  x, inches 
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- -D- - Stream angle in vertical plone I 

Horizontal distance from window center he ,  x, hches 

(a) M = 2.T H,= 42 lbhq in. a&s., 6 = 60” f 

figure 14- Longitudinal variation of stream angle h the Ames 
IO- by 14- inch supersonic whd tunnelI 
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c 

c 

. 
Horizond disfonce from window center h h ~  x, hches 

TiGx&7 
(b,) M = 3.0, H,= 55 &/sq in. a&.) 6 = 60" f 
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- -s- - Stream angle in vertical plane 
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2 

/ 

0 

#orkonfol dsfonce from window center fine, x, ihches 

(c) M = 3.5, H,= 82 lb/sg in o h ,  6 = 60" f 

figure /4.- Confhued 
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1 I 

140rizontu/ distmce from whdow center fine, x, inches 

(d) M = 4.2, H,= 88 /b/sq in ubs., 6 = 60" f 
T 

Figure /4- Conthued 

0 

- 19 2B -6 
140rizontu/ distmce from whdow center fine, x, inches 

(d) M = 4.2, H,= 88 /b/sq in ubs., 6 = 60" f 
T 

Figure /4- Conthued 
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I 

Horizonfa/ distance from window center he, x, inches 

(e/ M = 50, H,= 89 /bk9  in. abs, 6 = /95" F 

Figure 14- Confhuea! 
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2 I 

Horizonfa/ dsfance from whdow center x, inches 

(fl M = 6.3, b= 90 /b/sg h. abs.J 6 = 380" F T  

Horizonfa/ dsfance from whdow center x, inches 

(fl M = 6.3, b= 90 /b/sg h. abs.J 6 = 380" F T  

Faure 14- conciuded 
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